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Fiber density of collagen 
grafts impacts rabbit urethral 
regeneration
H. M. Larsson1,2, G. Vythilingam1,3, K. Pinnagoda1,2, E. Vardar1,2, E. M. Engelhardt1, 
S. Sothilingam3, R. C. Thambidorai3, T. Kamarul4, J. A. Hubbell1,5 & P. Frey1
There is a need for efficient and “off-the-shelf” grafts in urethral reconstructive surgery. Currently 
available surgical techniques require harvesting of grafts from autologous sites, with increased risk 
of surgical complications and added patient discomfort. Therefore, a cost-effective and cell-free graft 
with adequate regenerative potential has a great chance to be translated into clinical practice. Tubular 
cell-free collagen grafts were prepared by varying the collagen density and fiber distribution, thereby 
creating a polarized low fiber density collagen graft (LD-graft). A uniform, high fiber density collagen 
graft (HD-graft) was engineered as a control. These two grafts were implanted to bridge a 2 cm long 
iatrogenic urethral defect in a rabbit model. Histology revealed that rabbits implanted with the LD-graft 
had a better smooth muscle regeneration compared to the HD-graft. The overall functional outcome 
assessed by contrast voiding cystourethrography showed patency of the urethra in 90% for the LD-graft 
and in 66.6% for the HD-graft. Functional regeneration of the rabbit implanted with the LD-graft could 
further be demonstrated by successful mating, resulting in healthy offspring. In conclusion, cell-free 
low-density polarized collagen grafts show better urethral regeneration than high-density collagen 
grafts.
There is a clinical need for efficient and cost-effective grafts in urethral reconstructive surgery. Current surgical 
techniques require harvesting from autologous sites eg. buccal mucosa and penile skin tissue1. This increases 
the risk of complications, the possible lack of tissue availability and patient discomfort. Certain oral patholo-
gies are contraindications for buccal mucosal graft harvesting2. Both cell-free and cell-seeded urethral grafts 
have been investigated. To date, cell-based grafts have shown better functional results in preclinical large animal 
models and inconclusive results in subsequent clinical trials3. In 2015 and 2017, the clinical outcome of a com-
mercial cell-seeded tissue engineered buccal mucosa product, was published4,5. This product requires a buccal 
biopsy to be taken, followed by ex-vivo cell culturing in a GMP facility and a 3-week manufacturing time. The 
cost-effectiveness and efficacy of these grafts have been debated6,7. Therefore, it is unlikely that this approach 
will become standard clinical practice for the patient with limited financial resources or insurance coverage. To 
overcome these problems we have targeted the development of a cell-free urethral graft that is cost-effective and 
adequate also to be used in third world countries.
In vitro the mechanical niche is an important parameter to be considered for controlling cell fate. For exam-
ple, mesenchymal stem cells are known to differentiate into different cell lineages, depending on the substrate 
stiffness8. Previous studies have shown that fluid content or collagen fiber density relates to the stiffness and 
influenced material properties of the collagen gels9,10. The more extracted fluid from the collagen gels, the stiffer 
the collagen material gets. In this manuscript we address the question if collagen fiber density of a collagen graft 
influences the functional regeneration of the rabbit urethra? Two different cell-free bovine tubular collagen grafts 
were manufactured, one with polarized and low collagen fiber density distribution (LD-graft) and one control 
with uniform and high collagen fiber density distribution (HD-graft). Polarization was achieved by specific com-
pression and the collagen density increased towards the luminal side of the tube. These grafts were implanted 
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in rabbits and were examined post-implantation by histology and immunohistochemistry, and the functional 
outcome was assessed by voiding cystourethrography and mating.
Materials and Methods
Preparation of collagen grafts. Tubular collagen grafts were fabricated under sterile conditions, uti-
lizing liquid type I bovine collagen (5 mg/mL, Symatese, F). 8.5 mL of collagen solution were added to 0.8 mL 
of 10 × MEM and neutralized with 1 M NaOH (approx. 1.85 mL). The neutralized solution was set in a mold 
previously used for manufacturing tubular constructs of 3 mm inner diameter10. To fabricate the LD-graft, the 
gelated collagen was manually compressed by rolling it on filter paper, followed by an air-drying step (Fig. 1A). 
To fabricate the HD-graft, only air-drying was applied to achieve a desired liquid content of 1% w/w (Fig. 1A). 
Monitoring of the water content of collagen gels/grafts were done with a balance (Mettler Toledo, CH). The 
Figure 1. Manufacturing technique of the low-density graft (LD-graft) and high-density graft (HD-graft) 
(A) Two methods were utilized to manufacture the density controlled collagen grafts by monitoring the 
water content removed either by rolling compression or air-drying. The polarized collagen fiber distribution 
characteristics of the LD-graft were achieved by utilizing both a rolling compression followed by air-drying. 
The uniform collagen fiber distribution characteristics of the HD-graft were achieved by only air-drying the 
collagen. (B) By weighing and monitoring the collagen gel during production, we could achieve our polarized 
(compressed and air-dried: LD-graft) and uniform (only air-dried: HD-graft) collagen fiber distribution 
characteristics. Note: Images in Fig. 1A are Sirius red stained paraffin sections with scale bars of 200 µm.
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fabricated grafts were kept in PBS supplemented with 1% Penicillin/Streptomycin (Gibco, CH) and 2.5 mg/mL 
Fungizone (Gibco) until used.
Scanning electron microscopy. The samples were fixed with 1% tannic acid and 1.25% glutaraldehyde, 
then washed with 0.1 M cacodylate, and dehydrated in increasing ethanol concentrations prior to critical point 
drying. Thereafter coated with gold/palladium and imaged at a voltage of 10 kV using a scanning electron micro-
scope (SEM, XLF30, Philips).
Mechanical evaluation. Burst pressure, ultimate tensile strength (UTS) and Young’s modulus of grafts 
(N = 4 in each group) were measured with an electronic manometer (Extech instruments HD750) or an Instron 
tensile machine (Norwood, MA, USA) as described previously10.
Surgical implantation of the graft and evaluation in rabbits. Following approval by the Animal 
Ethics Committees of the Canton of Vaud (Authorization number: VD-2740), Switzerland and of the Faculty 
of Medicine of the University of Malaya (Authorization number: 2013-07-19/SUR/R/TCR), Kuala Lumpur the 
experiments were performed on New Zealand white male rabbits (2.5–3.5 kg; Charles River Laboratories France, 
and Harlan and Bred, Singapore) in Lausanne and Kuala Lumpur. All experiments were done in compliance with 
national directives for the care and use of laboratory animals. The surgical steps and post-operative monitoring 
were done as previously described10. Rabbits from the long-term study group were involved in the in-house 
breeding program of the Animal Experimental Unit of the Faculty of Medicine, University Malaya.
Cysto-urethrography. Animals were submitted under general anesthesia for macroscopic evaluation and 
voiding cysto-urethrography (Visipaque 270 mg/mL). All images were collected with a Philips BV Pulsera. The 
diameter of the urethra was measured utilizing a scale. Knowing that the graft was sutured at 0.5 cm proximal to 
the base of the glans and it measured 2 cm in length, the position of the graft could be determined on the radio-
scopic images. It was then possible to estimate the potential presence of stenosis at the anastomotic sites. Stenosis 
was defined as a persistent 50% reduction of the diameter of the urethra at the same location.
Histology and immunohistochemistry. Entire penises were harvested and fixed in 4% PFA. Specimens 
were embedded in paraffin, and 8 µm thick sections were prepared. Antibodies used: Mouse anti-α-smooth mus-
cle actin (1:150, Abcam, CH), Goat anti-uroplakin-2 (1:150, Labforce, CH), Mouse anti-caldesmon (1:400, Sigma, 
D), Rabbit anti-CD31 (1:100, Abcam, CH), Donkey anti-mouse Alexa 647 (1:800, Abcam, CH), and Donkey 
anti-goat Alexa 546 (1:800, Abcam, CH). Images were taken with a Leica DM5500 microscope (Leica, D) and 
with a LSM 700 microscope (Zeiss, D). Alpha smooth muscle actin (α-SMA) expression was quantified with Fiji 
imaging program (ImageJ) as previously described10.
Statistical analysis. Statistical analyses were performed using Prism v5.0a (GraphPad), using the test men-
tioned in the figure legends. A p-value of less than 0.05 was considered significant. All error bars in diagrams 
represent the standard deviation (SD).
Data Availability. The datasets generated during and/or analyzed during the current study are available from 
the corresponding author on reasonable request.
Results
Manufacture of HD- and LD-grafts. By applying a fast compression step, resulting in a less than 50% 
liquid loss followed by a slow air-drying step, we could control the liquid content of our produced grafts and 
therefore also the collagen grafts final density (Fig. 1B). This procedure yields a controlled polarized collagen fiber 
distribution, with a more dense structure at the compressed outer surfaces while the internal luminal part of the 
collagen tubular wall was left with a less dense collagen structure as shown by SEM (Fig. 2A). This graft hereafter 
is referred to as the LD-graft. In comparison, in the only air-dried collagen grafts, the latter become highly dense 
and with a uniform non-polarized collagen structure (Fig. 2B). This graft is hereafter referred to as the HD-graft. 
The denser HD-grafts showed significantly better mechanical properties, in terms of measured burst pressure, 
UTS and Young’s Modules compared to the LD-graft (Supplementary Figure 1).
Short-term rabbit evaluation of implanted HD- and LD-grafts. The LD-grafts were associated with 
a fistula formation rate of 15.4% (2 out of 13 rabbits) compared to one of 33% (3 out of 9 rabbits) in the HD-graft 
(Fig. 3A). No urethral stricture formation was observed. No mortality was seen as a result of graft implantation. 
At 1 month, it was noticed that the HD-graft still had not been completely remodelled by the surrounding tis-
sue as shown by the persistance of implanted collagen visualized by Hemotyxlin & Eosin (H&E) and Masson’s 
Trichrome (MT) staining (Fig. 3B). In LD-grafts, the remaining collagen could be identified to a lesser extent in 
the histological samples at 1 month (Fig. 3C). The luminal side of both grafts had shown overgrowth of urothe-
lial cells within the first month of implantation (Fig. 3B,C). Pronounced ingrowth of smooth muscle cells was 
still lacking at 1 month, irresepective of the graft type (Fig. 3B,C). The urothelial cells had covered the grafted 
region in the HD-graft at 3 months with an organized multilayered urothelial cell distribution (Fig. 3B). This 
was still lacking in the LD-graft at 3 months (Fig. 3C). At 6 months, the urothelium, irrespective of the graft type, 
showed normal stratification (Fig. 3B,C). H&E and MT stained sections showed signs of vascular structures 
already at 1 and 3 months in both grafts, this was confirmed by immunohistochemistry for a vascular marker, 
CD31 (Supplementary Figure 2). More smooth muscle cell ingrowth from the native tissue into the LD-graft was 
seen at 3 and 6 months when compared to the HD-graft (Fig. 3B,C). Image analyis of regenerated smooth muscle, 
using anti-α-smooth muscle actin (α-SMA) antibodies, confirmed the difference between the two grafts to be 
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significant (Fig. 3D,F). A second smooth muscle cell marker, caldesmon, confirmed the α-SMA result of smooth 
muscle cell ingrowth (Supplementary Figure 3). Uroplakin-2, a specific antibody for terminal urothelial differen-
tiation, also confirmed an earlier differentiation of urothelium in the HD-graft compared to the LD-graft area at 1 
and 3 months (Fig. 3G,H). At 6 months, the LD-graft also showed normal Uroplakin-2 expression.
Long-term rabbit evaluation of implanted LD-grafts. LD-grafts were implanted in 5 rabbits for 
9 months and 2 rabbits for 11 months. No complications were noted in these rabbits (Fig. 4A). At 9 and 11 
months, the urothelial layer appeared comparable to the native rabbit urethra (Figs 4B,E and H) and there was 
pronounced ingrowth of smooth muscle cells, however, the appearance was not comparable to native rabbit ure-
thra (Figs 4C,D,F,G,I and K). All animals in the long-term group were able to mate normally and had produced 
offspring (Fig. 4L).
Discussion
In order to answer the question if collagen fiber density of a graft influences the urethral regeneration in vivo, we 
had to develop two fabrication methods to produce both a polarized low- density and a uniform high-density 
collagen graft. Our rabbit results show that the low-density graft had an improved smooth muscle regeneration 
compared to the implanted high-density graft.
Previous studies have shown that fluid content or collagen fiber density relates to the stiffness and influences 
material properties of the collagen gels9,10. The more extracted fluid from the collagen gels, the stiffer and more 
mechanical strong the collagen material gets. We experienced the same for our two grafts, where the surgeons 
reported that the HD-graft was more mechanically strong compared to the LD-graft. The HD-graft was designed 
to serve as a control, to represent a dense and stiff matrix (approximately 0.1 MPa), although it was not in the 
similar high range as the well studied SIS grafts (Small-intestine submucosa, approximately 7.2 MPa)11, it was still 
two times stiffer than the LD-graft. Importantly, the SIS is reported to have been tried with patients for urethral 
reconstruction but has failed and is therefor not recommended to use in urethral reconstruction12. According to 
literature the native rabbit urethra seems to have a stiffness of approximately 0.2 MPa, which is more in the range 
of our engineered scaffolds as compared to the SIS urethral scaffolds13.
We would like to challenge the current opinion in urethral reconstructive surgery that a cell-free graft is 
ineffective to bridge a urethral defect, and to rephrase this statement to: A cell-free graft, which is too dense or 
stiff, is ineffective for urethral defect grafting. Published studies have already demonstrated the failure of using 
stiff cell-free grafts in this clinical indication12. However, when these graft are seeded with cells they have shown 
promising result in pre-clinical models but ultimately only limited success in clinical applications3–5,14–17. In our 
graft implantation study in rabbits, the LD-graft exhibited more ingrowth of smooth muscle cells with formation 
of muscle bundles, due to its less dense collagen structure or, whereas the HD-graft demonstrated faster urothe-
lial regeneration due to its denser collagen structure. This confirms similar reports where denser/stiffer grafts 
have been implanted in animals and showed good urothelial regeneration but has lacked an adequate smooth 
muscle regeneration18. The accelerated ingrowth of smooth muscle cells into the low-density grafts is likely due 
to the lower surface area of collagen that needs to be degraded and remodeled by the infiltrating cells. Examining 
closer the HD-graft, it showed limited smooth muscle cell ingrowth in the center of grafted areas, but a normal 
muscle bundle structure was observed at the interface of the graft and native tissue (Supplementary Figure 3F 
and G). Both implanted grafts showed no signs of urine erosion. This is most likely due to the fact that all grafts 
showed early urothelial regeneration protecting the underlying graft. Interestingly, the onset of fully differentiated 
Figure 2. Description and characterization of manufactured collagen graft with controlled spatial orientation. 
(A and B) SEM images of LD- and HD-grafts with three different magnifications.
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Figure 3. In vivo evaluation of high-density (HD) and low-density (LD) collagen grafts in a rabbit urethral 
defect model. (A) Functional surgical outcome analyzed by micturating cysto-urethrography of rabbit 
implanted with LD- and HD-grafts for 1, 3 and 6 months. (B) H&E and MT stained sections of the grafted area 
of HD-graft 1, 3 and 6 months after implantation. (C) H&E and MT stained sections of the grafted area of low-
density graft 1, 3 and 6 months after implantation. (D) Quantification of SMA expression in grafted areas for 
rabbits implanted with LD- and HD-graft after 1, 3, and 6 months. (E) Immunohistochemistry for compared to 
the HD-grafts-SMA of LD-graft implanted for 1, 3 and 6 months. (F) Immunohistochemistry for SMA of HD-
graft implanted for 1, 3 and 6 months. (G) Immunohistochemistry for Uroplakin-2 (Up2) of LD-graft implanted 
for 1, 3 and 6 months. (H) Immunohistochemistry for Up2 of HD-graft implanted for 1, 3 and 6 months. Note: 
areas circled in dashed black line indicating the remaining collagen pieces of the grafts after 1 month (Scale bar 
H&E and MT 250 µm, Scale bar SMA and Up-2 50 µm). (Error bars represent the standard deviation of four 
independent samples. **p < 0.01, Student t-test).
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urothelium, is delayed in the less dense grafts compared to the highly dense collagen grafts. It can be speculated 
that this difference in density influencing the “mechanical niche” favoring either urothelial or smooth muscle cell 
growth.
Figure 4. Long-term in vivo evaluation of low-density collagen grafts in a rabbit urethral defect model. (A) 
Functional surgical outcome analyzed by micturating cysto-urethrography of rabbits with an artificially created, 
circumferential urethral defect that was bridged with a LD-graft (N = 5 rabbits for 9 months, N = 2 rabbits for 
11 months). (B,C,E,F, and H,I) H&E and MT stained sections of LD-graft implanted for 9 and 11 months, and 
a control native rabbit urethra. (D,G and J) Immunohistochemistry for α-SMA of LD-graft implanted for 9 and 
11 months, and a control native rabbit urethra. (K) Quantification of SMA expression in LD-graft compared 
to a control native rabbit urethra. (L) A photo of rabbit offspring from fathers implanted with a LD-graft. Note: 
green arrow pointing at offspring (Scale bar H&E and MT 250 µm, Scale bar SMA 50 µm). Error bars represent 
the standard deviation of four independent samples.
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Improved smooth muscle regeneration is an advantage, as the primary pathology of urethral stricture is due 
to muscular fibrosis19. By 6 months, the LD-graft had significantly more expression of α-SMA compared to the 
HD-grafts. At 11 months, cystourethrography showed urethral patency and normal urine flow and bladder void-
ing. Successful mating resulting in progeny could also be seen proving clinical relevant functional regeneration 
of the grafted areas.
Our study has limitations. The rabbit model used had an artificially created urethral defect, with healthy ure-
thral tissue on the edges. The graft was implanted to replace a totally excised urethral segment, what is not always 
mandatory as in clinical practice only partial circumferential replacement is often performed20,21. Although the 
grafts were prepared under sterile conditions, the production needs to be transferred into a GMP setting to allow 
translation of this technology to human application. This translation is allowed if the bioburden is lower than the 
sterility assurance levels set by governing authorities. To further reduce the bioburden, final sterilization can be 
attempted, however, it is known that sterilization can change the material properties of the grafts which might 
compromise the final outcome of the graft22.
An off-the-shelf urethral graft without the incorporation of cells and growth factors, showing adequate 
urothelial and smooth muscle cell ingrowth into the implanted graft, represents an important pre-clinical break-
through. This was demonstrated by the comparable encouraging results of experimental studies conducted in two 
research centers in Switzerland and Malaysia opening the way for clinical translation of this cost effective, cell-free 
grafting for application in urethral reconstruction.
References
 1. Hillary, C. J., Osman, N. I. & Chapple, C. R. Current trends in urethral stricture management. Asian Journal of Urology 1, 46–54, 
https://doi.org/10.1016/j.ajur.2015.04.005 (2014).
 2. Markiewicz, M. R., Margarone, J. E., Barbagli, G. & Scannapieco, F. A. Oral mucosa harvest: An overview of anatomic and biologic 
considerations. EAU-EBU Update Series 5, 179–187, https://doi.org/10.1016/j.eeus.2007.05.002 (2007).
 3. Versteegden, L. R. et al. Tissue engineering of the urethra: a systematic review and meta-analysis of preclinical and clinical studies. 
European urology (2017).
 4. Ram-Liebig, G. et al. Regulatory challenges for autologous tissue engineered products on their way from bench to bedside in Europe. 
Advanced drug delivery reviews 82, 181–191 (2015).
 5. Ram-Liebig, G. et al. Results of Use of Tissue-Engineered Autologous Oral Mucosa Graft for Urethral Reconstruction: A Multicenter, 
Prospective, Observational Trial. EBioMedicine 23, 185–192, https://doi.org/10.1016/j.ebiom.2017.08.014 (2017).
 6. Osman, N. I. & Chapple, C. R. Re: Guido Barbagli, Massimo Lazzeri. Clinical Experience with Urethral Reconstruction Using 
Tissue-engineered Oral Mucosa: A Quiet Revolution. Eur Urol 2015;68:917‚Äì918. European Urology 69, e78–e79, https://doi.
org/10.1016/j.eururo.2015.11.017 (2016).
 7. Barbagli, G. & Lazzeri, M. Reply to Nadir I. Osman, Christopher R. Chapple, Sheila MacNeil’s Letter to the Editor re: Guido Barbagli, 
Massimo Lazzeri. Clinical Experience with Urethral Reconstruction Using Tissue-engineered Oral Mucosa: A Quiet Revolution. 
Eur Urol. In press. European Urology 68, e101–e102, https://doi.org/10.1016/j.eururo.2015.07.049 (2015).
 8. Engler, A. J., Sen, S., Sweeney, H. L. & Discher, D. E. Matrix Elasticity Directs Stem Cell Lineage Specification. Cell 126, 677–689, 
https://doi.org/10.1016/j.cell.2006.06.044 (2006).
 9. Ghezzi, C. E., Marelli, B., Muja, N. & Nazhat, S. N. Immediate production of a tubular dense collagen construct with bioinspired 
mechanical properties. Acta biomaterialia 8, 1813–1825 (2012).
 10. Pinnagoda, K. et al. Engineered acellular collagen scaffold for endogenous cell guidance, a novel approach in urethral regeneration. 
Acta biomaterialia 43, 208–217, https://doi.org/10.1016/j.actbio.2016.07.033 (2016).
 11. Shi, L. & Ronfard, V. Biochemical and biomechanical characterization of porcine small intestinal submucosa (SIS): a mini review. 
International Journal of Burns and Trauma 3, 173–179 (2013).
 12. le Roux, P. J. Endoscopic urethroplasty with unseeded small intestinal submucosa collagen matrix grafts: a pilot study. J Urol 173, 
140–143, https://doi.org/10.1097/01.ju.0000146554.79487.7f (2005).
 13. Zhang, K. et al. 3D bioprinting of urethra with PCL/PLCL blend and dual autologous cells in fibrin hydrogel: An in vitro evaluation 
of biomimetic mechanical property and cell growth environment. Acta biomaterialia 50, 154–164, https://doi.org/10.1016/j.
actbio.2016.12.008 (2017).
 14. El-Tabey, N. et al. Cell-seeded tubular acellular matrix for replacing a long circumferential urethral defect in a canine model: Is it 
clinically applicable? Arab journal of urology 10, 192–198 (2012).
 15. Orabi, H., AbouShwareb, T., Zhang, Y., Yoo, J. J. & Atala, A. Cell-seeded tubularized scaffolds for reconstruction of long urethral 
defects: a preclinical study. European urology 63, 531–538 (2013).
 16. Raya-Rivera, A. et al. Tissue-engineered autologous urethras for patients who need reconstruction: an observational study. The 
lancet 377, 1175–1182 (2011).
 17. Shokeir, A. et al. Acellular matrix tube for canine urethral replacement: is it fact or fiction? J Urol 171, 453–456, https://doi.
org/10.1097/01.ju.0000089776.52568.9e (2004).
 18. Nuininga, J. E. et al. Rabbit Urethra Replacement with a Defined Biomatrix or Small Intestinal Submucosa. European urology 44, 
266–271, https://doi.org/10.1016/s0302-2838(03)00249-5 (2003).
 19. El Kassaby, A., AbouShwareb, T. & Atala, A. Randomized comparative study between buccal mucosal and acellular bladder matrix 
grafts in complex anterior urethral strictures. J Urol 179, 1432–1436 (2008).
 20. Mangera, A., Patterson, J. M. & Chapple, C. R. A systematic review of graft augmentation urethroplasty techniques for the treatment 
of anterior urethral strictures. European urology 59, 797–814 (2011).
 21. Mundy, A. Management of urethral strictures. Postgraduate medical journal 82, 489–493 (2006).
 22. Wiegand, C. et al. Effect of the sterilization method on the performance of collagen type I on chronic wound parameters in vitro. 
Journal of Biomedical Materials Research Part B: Applied Biomaterials 90B, 710–719, https://doi.org/10.1002/jbm.b.31338 (2009).
Acknowledgements
The authors would like to thank: Dr. Haryanti Azura (UM), Prof. Andrea Superti-Furga, Marco Bürki, and 
Jacques Barraud (CHUV) for their advice and support. This work was funded by the University Malaya with 
two research grants (UMRG) (RP005G-13HTM and RU028-2015 UM.0000216/HRU.OP), an international 
short-term research fellowship (SNSF: IZK0Z3-171101) and a grant from the Commission of Technology and 
Innovation of the Swiss Government (CTI project no-16627.1 PFLS-LS).
www.nature.com/scientificreports/
8SCIENTIFIC RePoRTS |  (2018) 8:10057  | DOI:10.1038/s41598-018-27621-9
Author Contributions
H.M.L. Performed experiments, analyzed data, prepared figures, co-wrote manuscript. G.V. Performed 
experiments, analyzed data, co-wrote manuscript. K.P. Performed experiments. E.V. Performed experiments. 
E.M.E. Analyzed data and revised manuscript. S.S. Performed experiments. R.C.T. Performed experiments, 
analyzed data and revised manuscript. T.K. Analyzed data and revised manuscript. J.A.H. Analyzed data and 
revised manuscript. P.F. Analyzed data, co-wrote manuscript and financed study.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-27621-9.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
